Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous environmental pollutants which exert detrimental effects on living beings. Considering the health risk associated with exposure to these pollutants, their presence in food increases efforts to establish early-warning indicators of pollution. We aimed to examine the effects of environmentally relevant concentrations of fluoranthene (0.2 ng and 18 ng/g dry weight of diet) on the activities of midgut antioxidant and detoxification enzymes in Blaptica dubia. Significant changes of superoxide dismutase and catalase activities, recorded at the higher fluoranthene concentration regardless of the exposure time, suggest that they may be used as biomarkers of PAH pollution. Increased GST activity and decreased total GSH content, detected upon acute exposure to the lower concentration, indicate processes of detoxification. Reorganization of B. dubia mechanisms of defense in response to oxidative stress caused by exposure to dietary PAH point to the necessity for further examination of fluoranthene actions.
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are persistent organic pollutants arising mainly as a result of anthropogenic activities. They are bioaccumulative compounds that express toxic, mutagenic, and carcinogenic effects, representing serious threats to plants and animals, as well as to human health. As they are widely distributed in the environment, exposure to these compounds cannot be avoided (Srogi 2007; Guo et al. 2011) . Thus, PAHs are the object of extensive research on various biological effects exerted on living beings. Taken up by organisms, PAHs may undergo biotransformation to facilitate their excretion. Reactive oxygen species (ROS), generated during processes of PAHs as well as other xenobiotics biotransformation, can damage cell macromolecules influencing their functions (Limón-Pacheco and Gonsebatt 2009; Bartoskova et al. 2013; Faggio et al. 2016; BurgosAceves et al. 2018a) . By actively removing ROS, the antioxidant defense system plays the main role in maintaining cell homeostasis, and its induction has been recorded in diverse organisms exposed to PAHs (e.g., Pan et al. 2005; Yang et al. 2012) . Fluoranthene (Flann) is a widespread PAH, often used as an indicator of the presence of other PAHs. Flann was shown to act as a toxic and cocarcinogenic pollutant (Šepič et al. 2003; Bauer et al. 2017 ) which may provoke changes in antioxidant enzyme activity (Ma et al. 2012; Mrdaković et al. 2015) .
Numerous studies indicate a significant role for insects and other invertebrates in the assessment of environmental contamination (Hodkinson and Jackson 2005; Torre et al. 2013; Aliko et al. 2015; Matić et al. 2016; Burgos-Aceves et al. 2018b; Faggio et al. 2018) . Insects have a short life span, well-known development and physiology, as well as significance in the food chains of terrestrial and aquatic ecosystems. All this makes them appropriate model systems in the evaluation of the impact of various pollutants. Biochemical changes in response to such environmental challenges can be considered as early-warning signals of pollution. Thus, Perugini et al. (2009) demonstrated the capacity of honeybees to reflect very low PAH concentrations far away from the polluters, suggesting them as bioindicators of environmental pollution. We have also described some effects of PAHs on the growth of the phytophagous species, Lymantria dispar, where increased activity of antioxidative enzymes in larval midgut tissues pointed to their potential as biomarkers of PAH pollution Mrdaković et al. 2015) . The flexible and dynamically organized insect antioxidant system comprises functionally connected enzymes and non-enzymatic cellular antioxidants, with the role to prevent and neutralize oxidative damage (Ahmad and Pardini 1990; Blagojević and GruborLajšić 2000) . Changes in the activity of these enzymes, in various invertebrate and vertebrate species, have been shown to be biomarkers of environmental pollution (Valavanidis et al. 2006; Yang et al. 2012) .
The suitability of cockroaches as a model organism and an alternative for mammals in the assessment of xenobiotic effects has recently been highlighted (Adedara et al. 2016) . For example, the lobster cockroach, Nauphoeta cinerea, is a suitable model for the study of environmental mercury pollution, while changes in some antioxidative enzymes were suggested as potential biomarkers of mercury exposure (Rodrigues et al. 2013) . The cockroach, Blaptica dubia (Serville, 1838), is a terrestrial omnivore species, with a natural area of distribution throughout South America (Beccaloni 2014) . However, they are broadly (commercially) available and considered as a cosmopolitan species, with a known developmental pattern (Wu 2013) . Therefore, they can be used as a model organism in studies of environmental contamination. Blaptica dubia has also been noted as a species with great potential to meet the nutritional requirements of animals, thus suitable for their feeding (Oonincx et al. 2015) .
In this study, we aimed to evaluate whether exposure to environmentally relevant amounts of dietary fluoranthene, i.e., concentrations that have already been detected in samples of human food (Ramesh et al. 2004; Nieva-Cano et al. 2001) , can induce changes in the activity of defense mechanisms in B. dubia, and if they could serve as an early-warning indicator of PAH pollution.
Material and methods

Insect rearing and fluoranthene treatments
Blaptica dubia cockroaches were reared under standard laboratory conditions: T = 26 ± 0.2°C, relative humidity 60%, and photoperiod L:D = 12:12 hours. The cockroaches had unlimited access to food (dry dog pellets, ground biscuits, fresh fruit) and water. At the start of the experiment, individuals were isolated from the colony, starved for 2 days, and then randomly assigned to the following experimental groups (N = 14-22 individuals per group, average weight of the nymphs was 591 ± 19 mg): Group 1 nymphs exposed for 3 days to a low fluoranthene (Flann) concentration added to the control diet (0.2 ng/g dry weight)-Fl3, Group 2 nymphs exposed for 3 days to a high dietary Flann concentration (18 ng/g dry weight)-Fh3, Group 3 nymphs exposed for 30 days to the low Flann concentration-Fl30, Group 4 nymphs exposed for 30 days to the high Flann concentration-Fh30. The control diet (Groups C3 and C30) consisted of white bread with added solvent. The individuals were checked daily and food and water were replaced every second day. The lower Flann concentration was chosen as the amount already detected in wheat flour (Ramesh et al. 2004) , and the higher level added to the B. dubia diet has previously been found in toasted bread (Nieva-Cano et al. 2001 ).
Preparation of homogenates
After the treatments were finished, the individuals were decapitated and opened ventrally. The midguts were excised, weighed, and homogenized individually on ice, in 0.25 M sucrose buffer (0.05 M Tris-HCl, 1 mM EDTA; pH 7.4), using an Ultra-Turrax homogenizer (Ika-Werke, Staufen, Germany) at 2000 rpm for 3 × 10 s, with a pause of 15 s. Then, they were sonified with a 50-W sonifier (HD2070, Bandelin, Berlin, Germany) for 3 × 10s, with a pause of 15 s. The obtained homogenates were centrifuged (Beckman L7-55 Ultracentrifuge, Nyon, Switzerland) at 105000×g, for 100 min at 4°C. Enzyme activities were determined in the supernatants. For glutathione (GSH) content, a portion of homogenate obtained by sonication was treated with sulfosalicylic acid (10%) to precipitate proteins. The GSH content was measured after centrifugation at 10000×g, for 20 min at 4°C (5417R Eppendorf, Hamburg, Germany).
Spectrophotometric assays of enzyme activity
Protein concentrations were determined according to Bradford (1976) , with bovine serum albumin as the standard. Superoxide dismutase (SOD) activity was determined spectrophotometrically at λ = 480 nm, and expressed as the amount of enzyme inhibiting 50% of adrenaline autooxidation, in units per milligram of protein (Misra and Fridovich 1972) . Catalase (CAT) activity was measured at λ = 230 nm, and is expressed in nanomoles as the amount of dissolved H 2 O 2 reduced per minute per milligram of protein (Beutler 1982) . Glutathione-S-transferase (GST) activity was determined at λ = 340 nm, and expressed in nanomoles GSH per minute per milligram of protein (Habig et al. 1974) . The method of Griffith (1980) was used to determine the total concentration of GSH by monitoring the formation of reaction product at λ = 412 nm. The GSH concentration is expressed in nanonmoles per gram wet weight of individual. Spectrophotometric measurements were made on a Shimadzu UV-1800 spectrophotometer and an SAFAS UV mc2 spectrophotometer.
Statistics
Mean values and their standard errors were calculated for the enzyme activities and weights of individuals from all experimental groups. These were compared by one-way ANOVA and Fisher's LSD test. P values lower than 0.05 were considered statistically significant. The analyses were performed in the Statistica 5.0. program.
Results and discussion
In this study, we report changes in the activity of some components of the B. dubia defense system, in response to the diet supplemented with the PAH, fluoranthene (Flann). The Flann concentrations added to the B. dubia diet were within the range published earlier for different samples of human food (Nieva-Cano et al. 2001; Ramesh et al. 2004 ). One of the major routes for human exposure to PAHs was shown to be the ingestion of polluted food (Srogi 2007; Rey-Salgueiro et al. 2008; Yebra-Pimentel et al. 2012) . Also, widely consumed cereals and their products, as well as vegetable oils and fats, can significantly contribute to elevated ingestion of PAHs (Zelinkova and Wenzl 2015) . Thus, the applied concentrations of Flann reflect those to which people are exposed orally. Our results point to oxidative stress in B. dubia nymphs, induced by ingested pollutant. Different changes of the enzyme activity were recorded in nymphs upon short-and long-term exposure to two concentrations of dietary fluoranthene. Thus, superoxide dismutase (SOD) activity was significantly increased in the midgut homogenates of individuals exposed to higher dietary Flann concentration, with pronounced effect recorded in Group Fh30 (Fig. 1a) . As the first line of defense against ROS, the role of SOD is to convert superoxide radicals generated under oxidative stress into hydrogen peroxide (Ahmad and Pardini 1990 ). Flann's effect on the formation of hydrogen peroxide has already been shown in Escherichia coli (Tuveson et al. 1987) . Moreover, increased SOD activity, as a consequence of exposure to dietary Flann and another PAH, benzo(a)pyrene (B(a)P), has been reported for gypsy moth larvae Mrdaković et al. 2015) . SOD activity was significantly increased in polyps tissue of Montastraea faveolata exposed to B(a)P at a high concentration and with the longest exposure (Ramos and García 2007) . Exposure of Chlamys ferrari to low concentrations of the PAH, benzo(k)fluoranthene, induced a marked enhancement of SOD activity in the digestive glands of these scallops, while exposure to larger amounts first induced elevated enzyme activity, which then diminished by the end of the 30-day treatment (Pan et al. 2005) . In Eisenia fetida worms exposed to pyrene, significantly higher SOD activity was recorded over a short period of time, followed by a decrease in activity with prolongation of exposure (Yang et al. 2012) . Similarly, we recorded significantly lower SOD activity in individuals given the low dietary Flann concentration for 30 days (Group Fl30, Fig. 1a ). This could be the consequence of expression of other enzyme isoforms that eliminate ROS more rapidly and is probably energetically more efficient during long-term exposure to stress. Superoxide radicals, generated during oxidative stress and converted by SOD to hydrogen peroxide, can further be decomposed by catalase (CAT) into water and molecular oxygen.
The activity of CAT that we recorded in B. dubia individuals exposed to higher concentration of dietary Flann for 3 days (Group Fh3) was significantly elevated (Fig. 1b) , suggesting intensive transformation of hydrogen peroxide. Increased CAT activity has been shown in Eisenia fetida earthworms exposed to the PAHs, pyrene, and phenanthrene (Wu Fig. 1 a SOD activity in midgut homogenates from B. dubia exposed to dietary fluoranthene. Bars represent the means (± SEM). The significance of differences was determined by one-way ANOVA [F (5, 104) = 45.887, P = 0.0000], followed by Fisher's LSD test (values marked with different letters differ significantly, P ≤ 0.05). b CAT activity in midgut homogenates from B. dubia exposed to dietary fluoranthene. Bars represent the means (± SEM). The significance of differences was determined by one-way ANOVA [F (5, 97) = 78.232, P = 0.0000], followed by Fisher's LSD test (values marked with different letters differ significantly, P ≤ 0.05) et al. 2012). After 30 days of treatment (Group Fh30), CAT activity dropped, but was still higher than that recorded in control individuals (Group C30). Three-day exposure to the low dietary Flann concentration (Group Fl3) led to decreased CAT activity, while 30-day exposure had no significant influence on CAT activity (Fig. 1b) , in comparison to the values for the control groups. Decreased CAT activity upon exposure to the low concentration of pollutant might suggest induction of other CAT isoforms or, more likely, the induction of other enzymes with peroxidase activity. As CAT has been shown to be less efficient in coping with low concentrations of hydrogen peroxide, insects possess other enzymes with peroxidase activity, such as ascorbate peroxidase (Mathews et al. 1997; Blagojević and Grubor-Lajšić 2000) .
Glutathione S-transferases (GSTs) are a family of enzymes that play a significant role in phase II detoxification of PAHs and other xenobiotics, by catalyzing conjugation of reduced glutathione (GSH) with an electrophilic substrate (Sherratt and Hayes 2001; Lu et al. 2009 ). In addition, through its peroxidase activity, GST has a role in insect defense against oxidative stress induced by toxins (Ahmad and Pardini 1990) . Thus, both detoxification and peroxidase activity of GST have been reported in Spodoptera litura larvae exposed to several stressors (Xu et al. 2015) . Significantly increased GST activity was found in Blattella germanica cockroaches, in response to dietary boric acid (Habes et al. 2006 ). Also, GST activity was induced in Aedes aegypti larvae exposed to a sub-lethal dose of Flann (Poupardin et al. 2008) . We detected significantly increased GST activity in B. dubia individuals given the lower dietary Flann concentration for 3 days (Group Fl3). However, the acute effect of the higher Flann concentration (Group Fh3) significantly decreased enzyme activity (Fig. 2a) . Pathiratne and Hemachandra (2010) reported that 3-day treatment with low dose of fluoranthene significantly elevated hepatic GST activity in Nile tilapia, while higher doses of this pollutant did not influence the enzyme activity. Inhibition of GST activity was noted in Helicoverpa armigera larvae treated with sublethal doses of a biopesticide, while enzyme activity showed a tendency to increase with time in the control groups (Khan et al. 2013 ). Also, long-term (35 days) exposure of lobster cockroach nymphs to environmentally contaminant methylmercury causes a significant decrease in GST activity (Adedara et al. 2015) . We found that 30 days of exposure to dietary Flann resulted in greater GST activity at the higher concentration (Group Fh30) when compared to that for the lower one (Group Fl30), but the highest enzyme activity was detected in the control (C30) group (Fig. 2a) . This could suggest additional induction of other detoxification enzymes in both groups of individuals upon long-term exposure to Flann. The measured GST activity in the control group may indicate a role for the enzyme other than detoxification. As reviewed by Sheehan et al. (2001) , insect (and other non-mammalian) GSTs are expressed in multiple isoforms and with different patterns during development, and besides detoxification, they also have other functions.
As already mentioned, glutathione (GSH) is the cofactor in reactions of xenobiotic conjugation, catalyzed by GST. Existing in reduced (GSH) and oxidized (GSSG) forms, this ubiquitous cellular tripeptide is involved in various cellular processes, including protection against ROS. We recorded significantly decreased total GSH concentrations in individuals exposed for 3 days to the low Flann concentration (Group Fl3) in comparison with control individuals (Fig. 2b) . This is probably a consequence of its conjugation with the pollutant during the process of biotransformation. After 30-day exposure to the high Flann concentration (Group Fh30), GSH concentration was significantly higher than that recorded in the control group (Fig. 2b) . In addition to its direct antioxidant properties and role in the elimination of lipid peroxides, GSH is involved in the restitution of SH groups of active molecules, maintenance of the cellular redox state, etc. (Griffith 1999; Blagojević and Grubor-Lajšić 2000) , which could explain the high level of GSH found in Group Fh30.
It is interesting that time-dependent patterns of the enzyme activity are recorded for nymphs from the control groups. As we earlier mentioned, before exposure to dietary Flann, B. dubia nymphs were starved for 2 days, and this short-term transient starvation period probably affects the enzyme activity in the control groups. Similar changes in the activities of antioxidant enzymes have been shown in insect (De Block and Stoks 2008) but also in vertebrate species (Jung and Henke 1997; Najafi et al. 2014 ) upon exposure to short-term and transient starvation periods.
The responses of organisms to stressful conditions might include additional investment of resources towards defense mechanisms instead of towards growth. Thus, delayed development and various tissues' malformations have been detected in numerous organisms exposed to different environmental stressors (e.g., Mirčić et al. 2013; Fiorino et al. 2018; Vajargah et al. 2018) . It is interesting that we did not detect harmful effects of dietary Flann on the body weights of exposed B. dubia nymphs [F (5, 110) = 0.936, P = 0.461], but physiological mechanisms involved in dealing with the ingested pollutant are present.
Changes in the enzyme activity of exposed organisms are early response to stress (recorded before those that may be detected at a higher level of biological organization) and could serve as biomarkers of pollutant effect. For example, sub-chronic exposure to PAHs phenanthrene ) and pyrene (Yang et al. 2012 ) was shown to cause changes of SOD and CAT activities of earthworms and can be used as sensitive parameters for evaluation of PAH effects. Significant changes of SOD, CAT, and GST activities in the midgut tissue and hemolymph of Lymantria dispar larvae after chronic exposure to PAH benzo [a] pyrene suggest potential use of these enzymes as molecular biomarkers (Gavrilović et al. 2017) . The changes in SOD and CAT activities recorded in B. dubia individuals exposed to the higher dietary Flann concentration regardless of exposure time suggest the possibility of their use as indicators of PAH pollution. Moreover, the detected changes in GST activity and total GSH content in individuals long-term exposure to dietary pollutant point to the necessity for further examination of Flann biotransformation processes. The reorganization of defense mechanisms in an omnivore insect species, exposed to dietary PAH in concentrations that are in the range of those present in human food, and the fact that food is the main route for exposure to these pollutants highlight the need for further study of PAH presence and the effects they provoke.
